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Matter sector: experimental data
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★ Ratios of masses of quarks and leptons  
!

- quarks 
!
!
!
!

!
- leptons 

★ Quark mixing (Cabibbo-Kobayashi-
Maskawa) matrix parameters
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Gauge forces in SM do not distinguish between 
fermions of different generations: 

- e, µ, τ have same electrical charge 
- quarks have same color charge 
!

★ Why generations? Why only 3? Are there only 3? 
★ Why hierarchies of masses and mixings? 
★ Can there be transitions between quarks/leptons 

of the same charge but different generations? 

Fermilab, 18 December 201448

A couple of questions...
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The flavor puzzle

48

A couple of questions...
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S. Harris

Standard Model “solution”



!
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... if you accept that, you should 
probably also accept this:

Fermilab, 18 December 201446

https://www.facebook.com/photo.php?fbid=4433025227042&set=a.1395149202040.55396.1331491680&type=1&relevant_count=1
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1. Introduction: quarks

45

★ Why study flavor-changing neutral currents? 
★ No trivial FCNC vertices in the Standard Model: sensitive NP tests 
★ Possible experimental studies in quark and lepton sectors 

-  ΔF = 1 processes (b→sγ , c→uγ , etc) 

!
!
!
!
!
!

- ΔF = 2 processes (BB-mixing, KK-mixing, DD-mixing)

M. Purohit
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Introduction: leptons

44

★ Why study flavor-changing neutral currents? 

★ No trivial FCNC vertices in the Standard Model: sensitive NP tests 
!

★ Possible experimental studies in a lepton sector 
-  lepton-flavor violating processes 

- µ → eγ, τ →eγ, etc. 

- µ → eee, τ → µee, etc. 

- µ+e- → e-µ+  

- Z0 → µe, τe, etc. 

- K0 (B0, D0, ...) → µe, τe, etc. (if kinematically allowed) 

- K+ (B+, D+, ...) → π+µe, π+τe, etc. (if kinematically allowed) 

- µ- + (A, Z) → e- + (A, Z) 

!
- lepton number and lepton-flavor violating processes 

- (A, Z) → (A, Z±2) + e∓e∓ 

- µ- + (A, Z) → e+ + (A, Z-2)
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Introduction: leptons

43

!
★ Strong constraints exist on many of those processes 

-  some processes, will talk about others shortly

-  very much suppressed in the Standard Model, e.g.
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J. Aysto et al, hep-ph/0109217

42

★ Let’s concentrate on muon conversion (we are at FNAL after all)
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James Miller, 2006



p ⇠ r2`Z3
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Muonic atoms

40

★ Basic idea for the muon conversion experiment 
!

★ take low energy muons (~ 30 MeV)  to be stopped in a 
target A(Z,A-Z): muons cascade to atomic 1s state 

!
★ Binding energy and orbit radius for muonic hydrogen-like 
state 
!

!
!
!
!
!
!

★ Radial wave function for hydrogen-like system: 
              overlap probability: 

!
!

Eb = �Z2me4

8n2
⇠ Z2m

n2

r =
n2

Z⇡me2
⇠ n2

Zm

µ- 

A

muonic atom is 200x stronger bound 
radius is 200x smaller

Rnl ⇠ r`Z3/2

Rµe =
� [µ� + (A, Z)! e� + (A, Z)]

� [µ� + (A, Z)! ⌫µ + (A, Z � 1)]

large overlap for an 
s-wave and high-Z 

nucleus

Measure to probe NP
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Experimental ideas

39

negligible   95.56  MeV 10.08 MeV .0726 µs ~0.8-1.5 Au(79,~197) 

0.16 

0.45 

Prob decay 
>700 ns 

104.18 MeV 

104.97 MeV 

Conversion 
Electron Energy 

1.36 MeV .328 µs 1.7 Ti(22,~48) 

0.47 MeV .88 µs 1.0 Al(13,27) 

Atomic Bind. 
Energy(1s) 

Bound 
lifetime 

Rµe(Z) / 
Rµe(Al) 

Nucleus 

★ Examples of nuclei suitable for muon conversion experiments

★ The experiment is tricky

Czarnecki, Marciano, Tormo

J. Miller, 2006

✓ Muon conversion gives monoenergetic electrons... 
✓ ... yet, there are other sources of electrons  

as well! 

   - decay (40%)ee µµ ν ν− −→ + +
   - capture (60%)XAl µµ ν− → ++

   - conversionAl e Alµ− −+ → +
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Muon conversion experiments

38

SINDRUM II (PSI, Switzerland)

Mu2e (FNAL) -- hopefully...
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A. Gaponenko, CIPANP-2012
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Phenomenology of muon conversion I

36

★ Calculation of muon conversion probability involves interesting interplay 
     of particle and nuclear physics

need to calculate averages  
over nuclear states 

★ Let’s look at the vector/axial vector interactions as an example

★ Nuclear averages are often done as an approximation. For a general operator Q

p(n) densities

Czarnecki, Marciano, 
Melnikov



hp|ū�0u + cdd̄�0d|pi = 2 + cd
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Phenomenology of muon conversion II

35

count number of quarks

★ Matrix elements of light quark currents are easily computed  
- since (mµ-me) << mN we can neglect space components of the quark current

★ ... which gives for the effective Hamiltonian for the coherent muon conversion

integrate over lepton wavefunctions to get conversion probability
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Phenomenology of muon conversion III

34

★ Lepton wave functions are taken as solutions of Dirac equation 
- with usual substitutions u1(r) = r g(r) and u2(r) = r f(r) 

★ ... with Dirac equation in a potential
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Finally, the answer!

33

where we defined

★ The conversion rate can be written as

★ Now, for a particular model (Z’ exchange): fE(M)i=0, b=a, acd=(gv0-gv1)/2, a=(gv0+gv1)/2 

Czarnecki, Marciano, 
Melnikov

|gV0| < 3.9⋅10-7,     |gV1| < 9.7⋅10-6



⇤NP

µ
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2. Muon conversion: Effective Lagrangians

32

★ It is important to understand relevant energy scales for the problem at hand

★ Modern approach to flavor physics calculations: effective field theories

other New 
Physics models

µ-

bb

e-

u (d)           u(d)

Scale of the 
conversion 
experiment

...
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Effective Lagrangians: dim 6

31

★ Naive power counting: largest contribution from lowest dimensional operators

bb

★ Can write the most general dim-6 Lagrangian

– scalar operators

– vector operators

– tensor operators (do not contribute to considered processes)



⇠ O(↵2) ⇠ O(mu or md)

Alexey Petrov (WSU & MCTP) Fermilab, 18 December 2014

An example in a particular model:

30

bb

★ Consider an example: FCNC Higgs model

e.g.

★ Couplings of new physics to light quarks are suppressed...
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Effective Lagrangians: dim 6

29

bb

J1µ
1

q2 �M2
W

Jµ
2 ! �

1
M2

W

J1µJµ
2 �

q2

M4
W

J1µJµ
2 + . . .

★ What about higher-dimensional operators? Just like in Fermi theory of weak interactions

suppressed by the highest scale

★ It appears that some models are not probed well by dim 6 operators

★ In principle, can separate contributions of different operators by looking at different nuclei

Kitano, Koike, Okada, 2002
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This is not entirely correct!

bb
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S. Harris
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bb

A counter-example

★ Consider other FCNC; e.g. in kaon decays:

★ ... but there is also contribution from dim-8 operators:

★ Main contribution is from dim-6 operators:

a chunk of uncertainty due to charm mass

Falk, Lewandowski, AAP (1998)

Remember to take into account charm scale!
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⇤NP
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Muon conversion: Effective Lagrangians

25

★ It is important to understand ALL relevant energy scales for the problem at hand

★ Modern approach to flavor physics calculations: effective field theories

New Physics generates lepton FCNC

heavy 
quarks 
decouple

µ-

bb

e-

u, d, c, s, b, t

µ- e-

u, d, s, c, b

µ- e-

g g

t

...

µ- e-

u, d

µ- e-

g g

t, b, c

Scale of the conversion experiment

...

...
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An example in a FCNC Higgs model:

24

bb

⇠ O(↵2)

★ Two-loop sensitivity to NP in conversion experiment...

★ ... becomes one-loop!

★ Contribution of heavy quarks can, in principle, be large



Alexey Petrov (WSU & MCTP) Fermilab, 18 December 2014

An example in a FCNC Higgs model:

24

bb

⇠ O(↵2)
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Effective Lagrangians: dim 7

23

bb

★ Let’s integrate out heavy quarks and concentrate on gluonic operators

★ we can calculate their contribution to tau decay rates! 
★ ci probe couplings of heavy quarks to New Physics

AAP and D. Zhuridov 
PRD89 (2014) 033005
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Effective Lagrangians: dim 7

22

bb

★ ... get an effective Lagrangian

...where we defined operators

...and Wilson coefficients

AAP and D. Zhuridov 
PRD89 (2014) 033005
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Effective Lagrangians: dim 7

21

bb

★ Just like before, let’s calculate the conversion amplitude (lepton part is identical)

★ Use the same approximation to relate nucleon and nuclear matrix elements...

★ ... and calculate (relevant) parity-conserving nucleon matrix element

= -189 MeV



⇢p(n)(r) =

⇢0

1 + exp[(r � c)/z]
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Numerical estimates

20

bb

★ Conversion probability (factoring out lightest heavy quark mass)

★ ... where we defined

★ ... and also
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Numerical estimates

19

bb

★ Conversion probability 

★ ... results in constraints on scale/Wilson coefficient 

★ Important: can only probe parity-conserving operators!!!
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2a. Leptoquarks as an example

18

bb

★ Leptoquark interactions 
-  scalar leptoquarks

Davidson, Bailey, Campbell

- vector leptoquarks
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Leptoquarks (cont)

17

bb

★ Integrating out scalar LQ, we get the following dim 6 operators

★ Integrating out vector LQ, we get the following dim 6 operators

using we get our old operators 

AAP and D. Zhuridov 
PRD89 (2014) 033005
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Leptoquarks (cont)

16

bb

★ Thus, we get the operators from our general basis

★ ... and so we can get constraints on leptoquark parameters
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Leptoquarks (fin.)

15

bb

★ Correspondence table
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Leptoquarks (fin.)

14

bb

★ ... or numerically

from c2 

from c4 

★ Important: can only probe parity-conserving operators!!!



Alexey Petrov (WSU & MCTP)

What about taus?

Fermilab, 18 December 201413
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What about taus?

Fermilab, 18 December 2014

What can we learn about NP from this data? 
Can we probe parity-violating operators?

13
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3. Effective Lagrangians for tau decay

12

★ It is important to understand ALL relevant energy scales for the problem at hand

★ Modern approach to flavor physics calculations: effective field theories

New Physics generates lepton FCNC

heavy 
quarks 
decouple

τ-

bb

e-

u, d, c, s, b, t

e-

u, d, s, c, b

e-

g g

t

...

e-

u, d

e-

g g

t, b, c

Scale of the tau decay experiment

...

...

τ-
τ-

τ-

τ-

τ-

τ-
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Effective Lagrangians: dim 7

11

bb

★ ... get an effective Lagrangian

...where we defined operators

...and Wilson coefficients

AAP and D. Zhuridov 
PRD89 (2014) 033005



Alexey Petrov (WSU & MCTP) Fermilab, 18 December 2014

Tau decays and heavy quarks

10

bb

★ Let’s compute FCNC tau decays

τ-

τ-

τ-

τ-

e- e-

e- e-

η’

η’

π

π

π

π
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Hadronic physics I

9

bb

★ To calculate FV tau decays we need a bit of hadronic physics

– matrix elements of parity-conserving operators

– ... where B0=1.96 GeV from 
Black, Han, He, Sher

– ... and we used

Voloshin



Alexey Petrov (WSU & MCTP) Fermilab, 18 December 2014

Hadronic physics II

8

bb

★ To calculate FV tau decays we need a bit of hadronic physics

– matrix elements of parity-violating operators

– ... where q=u,d,s and bu,d=1/21/2, while bs=1

– ... and in the FKS scheme of eta-eta’ mixing
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Bounds: parity conserving

7

bb

★ Looking at the scalar operators only

– ... with the following coefficients
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Bounds: parity violating

6

bb

★ Again, looking at the scalar operators only

– ... with the following coefficients
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3a. Leptoquarks as an example

5

bb

★ Matching to the general result above, get

★ Leptoquark interactions 
-  scalar leptoquarks

Davidson, Bailey, Campbell

- vector leptoquarks
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Leptoquarks as an example

4

bb

★ ... and the same for tau-e

★ Leptoquark interaction parameters for tau-mu transitions

AAP and D. Zhuridov 
PRD89 (2014) 033005
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4. What about neutrinos?

3

bb

★ Similar effective Lagrangian, but different assumptions (and less operators)

Can constrain both flavor-changing and flavor-conserving interactions

...with Wilson coefficients

"

g g

Q

"
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⇤2
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a
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eGaµ⌫
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4↵s

X
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9

�L

4↵s

X

q=c,b,t

I2(mq)

mq
(Cq⌫
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– can constrain NSI of neutrinos with heavy quarks 
– …but need to know absolute flux of neutrinos, expt?

★ Can other (but related) quantities constrain NSI with heavy quarks?

AAP, to be published
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NSIs and neutrino’s magnetic moment

2

bb

★ Same effects can be constrained with electromagnetic probes

Experimental constrains on magnetic moment (best form astro):

– … with (almost) no background from SM:

Healy, AAP, Zhuridov 
PRD87 (2013) 117301

…which leads to neutrino magnetic moment contribution

… can therefore constrain NSIs:



Alexey Petrov (WSU & MCTP) Fermilab, 18 December 2014

5. Conclusions

1

! Flavor puzzle is still a big problem for particle physics 
– Standard Models simply parameterizes the solution 
– New Physics models use flavor as input, not output 
! Flavor-changing neutral current transitions provide great opportunities for 

studies of flavor in the SM and BSM 
– charge lepton transitions offer practically SM-background-free playground 

• large contributions from New Physics are possible, but not seen 
• EFT approach can be useful in studies of muon conversion 
• ... as current methods rarely go beyond dim-6 operators 
• ... and thus do not constrain NP-heavy fermion couplings very well 

! New data from Belle-II, but also from LHCb on tau decays! 
! Similar physics contributes to NSI and neutrino’s magnetic moments 
!
! Maybe flavor physics will be the first place to see glimpses of New Physics 
! ...but then again, maybe not.
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Thank you for your attention!
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Thank you for your attention!
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Hopefully, I did better than him...
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Additional slides
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S. Harris

25
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